. 10. In order to maximize the speed of image capture, we scan one focal section of the nuclear sphere every 1.5 s, and, if necessary, we adjust the objective between scans to keep the GFP-repressor spot in focus. The time required to capture lac op signal is ϳ15 ms, and the entire nucleus requires Ͻ150 ms. We analyse movies in which the plane of focus stays within a 1m midsection of the nucleus, or roughly half the nuclear depth. To ensure that cell cycle progression is not disturbed as a consequence of light damage, bud emergence and division of the scanned cell are followed by transmission microscopy. The mechanisms controlling neural stem cell proliferation are poorly understood. Here we demonstrate that the PTEN tumor suppressor plays an important role in regulating neural stem/progenitor cells in vivo and in vitro. Mice lacking PTEN exhibited enlarged, histoarchitecturally abnormal brains, which resulted from increased cell proliferation, decreased cell death, and enlarged cell size. Neurosphere cultures revealed a greater proliferation capacity for tripotent Pten -/-central nervous system stem/progenitor cells, which can be attributed, at least in part, to a shortened cell cycle. However, cell fate commitments of the progenitors were largely undisturbed. Our results suggest that PTEN negatively regulates neural stem cell proliferation.
The mechanisms controlling neural stem cell proliferation are poorly understood. Here we demonstrate that the PTEN tumor suppressor plays an important role in regulating neural stem/progenitor cells in vivo and in vitro. Mice lacking PTEN exhibited enlarged, histoarchitecturally abnormal brains, which resulted from increased cell proliferation, decreased cell death, and enlarged cell size. Neurosphere cultures revealed a greater proliferation capacity for tripotent Pten -/-central nervous system stem/progenitor cells, which can be attributed, at least in part, to a shortened cell cycle. However, cell fate commitments of the progenitors were largely undisturbed. Our results suggest that PTEN negatively regulates neural stem cell proliferation.
The Pten tumor suppressor gene encodes the first phosphatase frequently mutated somatically in various human cancers, including glioblastoma (1) . Besides carcinogenesis, Pten may play important roles in brain development, as suggested by its ubiquitous central nervous system (CNS) expression pattern in embryos (2, 3) as well as by neurological disorders associated with PTEN germ-line mutations in humans (4) . However, the early embryonic lethality of conventional Pten -/-mice (5, 6) has precluded further studies of PTEN function during brain development.
To explore PTEN's role in early brain development, we generated a conditional Pten knockout mouse by flanking exon 5, encoding the phosphatase domain of PTEN, with loxp sequences (Pten loxp ) (Fig. 1A) . Pten loxp/loxp females were crossed with males carrying a nestin promoter-driven Cre transgene (Cre ϩ/-) that is activated in CNS stem/progenitor cells at embryonic day (E) 9 or 10, resulting in almost complete gene deletion in the CNS by midgestation (7, 8) brain revealed a marked increase in brain size (Fig. 1D) . Measurements taken at E14, E18, and P0 (birth) demonstrated continuous increases in brain weight and in the ratio of brain weight to body weight (Fig. 1E , upper panels). P0 mutant brain weight and cell number were double those of wild-type controls (Fig. 1E , upper and lower left), a difference much greater than that seen in mice overexpressing BCL-2 (10) or in mice lacking p27 (11) . Because deletion of Drosophila PTEN led to increased S6 kinase activity and enlarged cell size, we measured the cell size distribution in mutant brains by flow cytometry. Cells from Pten -/-brains were larger than those of controls (Fig. 1E, lower right) , providing evidence that PTEN regulates cell size in mammals.
Mutant mice were born with open eyes (Fig. 1D ) and died soon after birth. Histological analyses of newborn mutant brains showed a proportional increase in overall brain structures, with no signs of hydrocephalus ( Fig. 2A) . In the brainstem, nuclei in mutant animals were not easily identifiable (Fig. 2B) . It is unclear whether specific nuclei, such as CN7n (arrow), were missing or disorganized beyond histological recognition. In addition, a severe disturbance of the laminar patterns in the cortex, hippocampus (12) , and cerebellum was evident (Fig. 2C) . Because PTEN controls both cell cycle and cell adhesion or migration, the observed layering defects might be due to uncontrolled progenitor proliferation and/or altered cell adhesion or migration (13) (14) (15) .
We next tested whether Pten deletion affected the cell fate determination of neural progenitors. Immunohistochemical analyses of P0 brains were conducted using antibodies specific to the GluR1 subunit of postsynaptic AMPA receptors (Fig. 2D ). GluR1 staining was present throughout the brain, indicating that neuronal differentiation had taken place. However, the staining pattern was abnormal, as predicted by the disorganization observed in hematoxylin-and eosin-stained sections (Fig. 2C) . To provide more quantitative measurement, we compared the in vitro differentiation potentials of cortical cells from E14.5, the peak of neurogenesis, and E16.5, the onset of gliogenesis. No significant difference between mutant and control was observed in the number of TuJ-1-positive neurons (in green, Fig. 2E ) or in the number of glial fibrillary acidic protein (GFAP)-positive astrocytes (Fig. 2F ). The degree of induction of astrocyte differentiation in response to leukemia inhibiting factor (LIF) stimulation (16) was also not altered by Pten deletion (Fig. 2F , right). Thus, the programmed developmental sequence of cell fate determination from neurogenesis to gliogenesis (17, 18) is not overtly disturbed by Pten deletion. However, neurogenesis is the major event during embryonic brain development, whereas gliogenesis occurs primarily during the postnatal stage (18, 19) . Thus, we cannot rule out the possibility that postnatally, Pten deletion will affect cell fate determination.
To address the mechanism of increased cell number in the mutant, we analyzed progenitor cell proliferation at E14.5 using the nucleotide substitution method. E14.5 was chosen because (i) Cre-mediated Pten deletion is complete (12); (ii) brain weight is not significantly increased relative to control littermates (Fig. 1E) , which allowed us to focus on neural stem/progenitor cells rather than more differentiated progenies; and (iii) intensive neural stem/progenitor cell proliferation takes place (13, 14) . A significant increase in bromodeoxyuridine (BrdU)-labeled nuclei was observed in the ventricular zone (VZ) of mutant animals (Fig. 3, upper panels) (12) . The increased BrdU labeling in the mutant brain could be due to a shortened cell cycle time (see below), a decrease of apoptosis, or both. Using the TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling) assay (20), we were able to detect a significant decrease ;Cre ϩ/-(mutant) newborn mice for PTEN levels, and Akt and S6 kinase phosphorylation using phospho-specific antibodies. of apoptosis in E14.5 mutant telencephalon (Fig. 3, middle panels) (12) . Thus, our results indicate that both increased cell proliferation and decreased cell death in the neural stem/ progenitor cells probably account for the increased cell number in the mutant animals. We did not observe extensive BrdU labeling in ectopic CNS regions outside the proliferation zone, as has been reported for Rbdeficient mice (21) . Staining of E14.5 brain sections for the neuronal marker TuJ-1 (in green) showed no sign of disturbed layering and no prominent enlargement of the proliferative zone (dark area) in mutants (Fig. 3 , lower panels), as reported for caspase-9 -deficient mice (20) . Taken together, these results suggest that PTEN controls neural stem/ progenitor cells by negatively regulating their cell cycle progression rather than preventing postmitotic neurons from reentering the cell cycle. Because nestin is expressed in stem cells and more restricted progenitors in the brain as well as other cell types during development, we cannot rule out the possibility that effects on neural stem cell populations are mediated indirectly by Pten deletion in these cell types.
Using the in vitro neurosphere system (22), we further studied how PTEN controls neural stem/progenitor cell proliferation. Neurospheres were cultured from E14.5 and P0 (12) cortex as described (19, 23) . Western blot analyses confirmed that no PTEN could be detected in E14.5 neural tissue or in cultured neurospheres (12) . When cells of E14.5 brains were cultured at moderate density [40,000 cells/ml (12)] or clonal density [1000 cells/ml (12)], the number of spheres was significantly greater in Pten mutants (Fig. 4A) , indicating that there were more CNS stem/progenitor cells in mutant animals. Mutant neurospheres propagated more readily, as indicated by a greater average diameter of the spheres (12), an increased number of cells per sphere, and a greater number of cells incorporating BrdU (Fig.  4B) . Cells in mutant neurosphere cultures were also significantly larger than those in controls (12) , which suggests that increases in sphere size can be attributed to both in- To directly test whether PTEN controls cell cycle time, we conducted a CFSE washout experiment. CFSE [5(6)-carboxyfluorescein diacetate succininyl ester] is a fluorescent dye that penetrates cell membranes and is metabolized and trapped within the cell. The dye is evenly distributed to daughter cells, so fluorescence intensity decreases by half with each cell division (24) . Cells from E14.5 cortex were pulse-labeled with CFSE and cultured in neurosphere medium. After 6 days, neurospheres were dissociated and subjected to flow cytometry. The majority of mutant cells had shifted to the dimmer side of the fluorescence scale, in contrast to wildtype or aphidicolin-arrested control cells (Fig. 4C, arrows) , which indicates that most Pten -/-cells had progressed through more cell divisions during the same culture period. These studies suggest that PTEN inhibits neural stem cell proliferation in vitro by controlling cell cycle progression.
A key characteristic of stem cells is their self-renewal ability. We compared self-renewal in mutant and control stem/progenitor cells by propagating neurosphere cultures. When neurospheres from primary cultures were dissociated and repropagated at 1000 cells/ml, mutant cultures contained 6.5 times as many spheres per milliliter of the initial culture (Fig. 4A, 2 nd -1K), a greater difference than for the primary cultures (1 st -1K); this finding is consistent with the hypothesis that PTEN-null neural stem cells undergo more self-renewing divisions in vitro than do wildtype counterparts. The secondary mutant spheres also proliferated more readily than control spheres, as revealed by their larger diameters (12) . Similar to our in vivo studies (Figs. 2 and  3) , Pten deletion did not alter the differentiation potential of stem cells in neurosphere cultures. Upon differentiation, the spheres from E14.5 and P0 mutant and control animals were generally tripotent, generating neurons, astrocytes, and oligodendrocytes (Fig. 4D) ; no significant differences in overall sphere potentiality were apparent. The tripotency of clonal secondary spheres was also similar between mutant and control cultures (Fig. 4D) . To determine whether Pten deletion may affect cell fate specification, we calculated the percentage of neurons within individual spheres. Neurons constituted about 1 to 2%, whereas astrocytes constituted the vast majority of cells present in differentiated neurospheres (Fig. 4E) . The percentages of neurons per secondary clonal neurosphere were similar between mutant and controls: 1.54% and 1.34%, respectively.
Taken together, our in vivo and in vitro observations suggest that PTEN negatively controls proliferation of neural stem cells. Caution must be taken in interpreting these results, because a loss of PTEN in neural stem cells may not be responsible for the entire phenotype observed. Our mutant animals are expected to lose PTEN not only in nestin-expressing neural stem cells, but also in all their progeny. Thus, if PTEN is required for normal migration of postmitotic neurons, this effect would be observed in our mutants. Furthermore, nestin is expressed by uncommitted stem cells and committed glial progenitors. Therefore, a direct effect of Pten deletion on glial development is not precluded by our results, although an effect on the stem cell population could explain many of our findings. Recent reports indicate that glioblastoma formation in vivo is promoted by transformation of neural progenitor cells, but not differentiated astrocytes, with oncogenic Ras and Akt (25) . In line with this idea, homozygous loss of PTEN on its own is sufficient to promote proliferation of neural stem/progenitor cells. Thus, this mouse model may help to further understand the biology of this tumor entity.
